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Summary

Surface properties for an advanced Lockheed/Martin
Missile and Space (LMMS) molybdenum disilicide
coated insulation (HTP-8) were determined using arc-jet
flow to simulate Earth entry at hypersonic speeds. The
catalytic efficiency (atom recombination coefficients) for
this advanced thermal protection system was determined
from arc-jet data taken in both oxygen and nitrogen
streams at temperatures ranging from 1255 K to roughly
1600 K. In addition, optical and chemical stability data
were obtained from these test samples.

Nomenclature

HT total enthalpy

hD enthalpy of formation

kw reaction rate constant

Le Lewis number

M molecular weight

Mf frozen Mach number

mf mass flow rate

P pressure

Pr Prandtl number

q̇ heat flux

R radius

Sc Schmidt number

s arc length

T temperature

U velocity

α mass fraction

γ recombination coefficient

µ viscosity

ρ density

ℜ gas constant

Subscripts

2 behind bow shock wave

A air

e boundary-layer edge

FF flat-faced cylinder

i chemical specie

N nitrogen

O oxygen

o stagnation point

w wall

∞ free stream

Introduction

Candidate thermal protection systems (TPS) that are
being considered as part of the Access-to-Space program
for future space launch vehicles, such as the Single Stage
to Orbit and Space-liner 100, include metallic, reinforced
carbon, and ceramic fibrous insulation (ref. 1).

One candidate being proposed for use on future reusable
launch vehicles (RLVs) is a high temperature perfor-
mance insulation (HTP) that has a toughened molyb-
denum disilicide coating applied to it. The coating system
was developed by Lockheed/Martin Missile and Space
(LMMS) and its formulation is proprietary; therefore, it
will not be included as part of this report. However, the
system is presently being produced for use on the body
flap and base area of the X-33. At present, this thermal
protection system has not been evaluated in a simulated
Earth entry environment.

During hypersonic Earth entry, the high temperature air
between the bow shock wave and the TPS surface will be
partially dissociated into atoms. Therefore, the heat
transferred to the surface will be in the form of chemical
as well as sensible energy. The rate at which chemical
energy is transferred through nitrogen and oxygen atom
recombination to the material’s surface is strongly
influenced by its catalytic efficiency. The surface
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chemical properties must be included along with optical
and thermal properties of the candidate system to
accurately size the TPS for any proposed vehicle.

In order to evaluate the performance of the molybdenum
disilicide coated HTP system in a simulated Earth entry
environment, tests were conducted in the NASA Ames
Research Center Aerothermodynamic Heating Facility
(AHF). This study was conducted under the X-33
program Task-15, “TPS Characterization.” Test samples
used in this investigation were randomly selected from
production tiles manufactured at the Lockheed Sunnyvale
California facility.

Arc-Jet Facility

A sketch of the facility and typical measuring equipment
to obtain data for determining the surface properties and
catalytic efficiencies of selected HTP-8 tile are shown in
figure 1. The AHF uses a constricted arc heater to provide
high-enthalpy dissociated hypersonic flow over a test
model positioned downstream of a 16 deg conical nozzle
(fig. 1). Either nitrogen or air can be easily used as the test
gas without altering the heater hardware. This permits
quick, consecutive measurements of heat flux and temper-
ature to be taken from a test model during its exposure to
either test gas. Surface conditions on the test model are
varied by changing the (1) exit diameter of the nozzle,
(2) reservoir pressure, and/or (3) electrical power
dissipated in the arc heater.

The geometric area ratio (nozzle exit to throat) of the
facility can be varied from 64 to 400. Heater pressure can
be varied from 0.68 atm to roughly 5.5 atm and the maxi-
mum power dissipation in the heater can be increased up
to 20 MW. Stagnation point enthalpy was determined
using a nozzle computer code, measurements of stagna-
tion point pressure and heat flux to a hemisphere and
Laser Induced Florescence (LIF) diagnostics (refs. 2
and 3).

A pyrometer, radiometer, and copper hemisphere with a
pressure orifice were used to measure surface tempera-
ture, heat flux, and pressure during each test.

Test Samples

Arc-Jet Tests

The samples were cut into half-faced cylinders, roughly
4.32 cm thick and 7.11 cm in diameter. They were cut out
of a 15.2 cm by 15.2 cm square tile. Therefore, the
samples were coated only over the front surface.

During the arc-jet tests, the samples were tested in a
15.2 cm diameter flat-faced cylinder (fig. 2). The front
surface of the cylinder was made from AETB-12 and
coated with TUFI. Each sample was mounted inside a
retaining ring. This assembly was used to hold the sample
in the flat-faced cylinder. The retaining ring, 7.62 cm in
diameter and 6.25 cm thick, was also made from AETB-
12/TUFI. This arrangement resulted in the sample being
recessed 0.3 cm below the front surface of the cylinder.
However, earlier arc-jet tests showed that the recessed
mounting of the sample did not affect the surface
temperature or heat flux relative to a flush mounted
sample (ref. 4).

A reference model (flat-faced 5 deg cone) was used to aid
in defining the test condition during each exposure. It was
made using AETB-12 rigid fibrous insulation. The front
surface of the cone was coated with a reaction cured glass
(RCG). The RCG coating (a fully dense borosilicate
glass) was applied as a surface coating and was approxi-
mately 0.030 cm thick. The cone had a base diameter of
8.89 cm, corner radius of 1.3 cm, and a thickness of
6.35 cm. A threaded aluminum mounting ring was bonded
into the base of each cone so that the cones could be
attached to a water-cooled support. Surface thermo-
couples (platinum/platinum/13% rhodium) were installed
at the stagnation point of each cone.

The test configurations were designed to insure uniform
temperature and pressure distributions across the front
surface of the test samples.

Analysis

To obtain the surface catalytic coefficients for candidate
TPS from room temperature to their upper use tempera-
ture requires data from both a side-arm-reactor and arc-jet
facilities (ref. 2). However, in this study, samples were
only available for testing in the arc-jet. Therefore this
section outlines the basic approach used in calculating the
atom recombination coefficients from measured data
taken in this facility.

Atom recombination coefficients for the advanced HTP-8
system was calculated using the “Stewart-Chen” SCFC
code (ref. 2). This code calculates the surface coefficients
assuming frozen chemistry and incorporates Goulard’s
theory as part of a nozzle program written by Yoshikawa
and Katzen (refs. 5 and 6).
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To calculate the reaction rate constant from Goulard’s
theory (ref. 5) requires inputs of gas properties from the
free-stream, shock-layer and stagnation-point regions of
the flow. Gas properties in the code are obtained from the
Aerotherm Chemical Equilibrium (ACE) code (ref. 7) and
using Gupta’s thermodynamic properties (ref. 8).

The thermodynamic state-of-the-gas in the free stream
was defined in terms of the frozen Mach number. The
frozen Mach number was determined using an iteration
process between the total enthalpy and velocity or
nitrogen mass fraction as obtained determined from LIF
measurements and analytical techniques. The frozen
Mach number during tests varied from 1.2 to 2.5. Corre-
sponding free-stream velocity, relative nitrogen atom
concentrations, and gas temperatures for these arc-jet tests
are shown in figures 3 through 6. Based on the Knudsen
number, properties behind the bow shock wave were
calculated assuming a weak bow shock wave in front of
the blunt models (ref. 2). In addition, Goulard’s solution
requires the velocity gradient at the stagnation point of the
model. The velocity gradient was derived from heat
fluxes measured from both a hemisphere and a flat-faced
cylinder in the arc-jet flow and the following basic
relationship,

(due/ds)FF = (qFF/qHem)2 (due/ds)Hem (2)

where (due/ds)Hem = 1/RHem√( Pwo – P∞)/ρeo.

Finally, using the two basic assumptions: (1) a first-order
reaction occurs on the surface of the coating, and (2) the
energy accommodation coefficient β for the material is
unity. The following well-known expression can be used
to calculate the atom recombination coefficients for the
material.

γ πi k sqrtwi w i= ℜ/ ( / )Τ Μ2  (3)

where kwi is the catalytic velocity determined from for the
experiment.

Relative Coefficient for Air

The SCFC code also calculates a relative reaction rate
constant kw for each material using only air test data. The
equation, developed by Rosner (ref. 9), assumes a par-
tially dissociated diatomic gas, frozen flow (gas phase
recombination in the shock layer is neglected), and finally
Tw << Teo so that αieq(Tw, p) << αie. With these
assumptions he showed that the following semi-empirical
relationship results:

kw = (ρ∞ U∞ St)/ρw 
. Le2

(qo - qmin)/(qmax - qo) (4)

Parameters qmin and qmax were obtained from Goulard’s
theory by setting φ = 0 and φ = 1.0, respectively. The
stagnation point heat flux qo, used in eq. 4, is equal to the
radiated heat flux plus the amount conducted into the
model. The relative recombination coefficient γΑ for the
TPS is calculated again using eq. 3.

Experiments

Arc Jet

During each test, the heat flux to an RCG coated model
was measured along with the heat flux to the test model
using a radiometer. Surface temperature data were
obtained from both models using pyrometer measure-
ments. During each test, stagnation point pressure and
heat flux to a water-cooled copper 10.16 cm diameter
hemisphere were measured, and free-stream properties
were determined from data taken using Laser Induced
Florescence (LIF) measurement techniques (ref. 2). In
addition to calculating atom recombination coefficients
for each sample, surface characterization data were also
obtained during this study. Photographs, spectral
reflectance, and surface chemistry measurements were
taken of each sample before and after arc-jet exposure.
Photographs included scanning electron microphoto-
graphs (SEMs) of the samples. Room temperature spectral
reflectance measurements were made using a BIO-RAD
model FTS 40 (wavelength range 0.25 microns to 2.5
microns) and a Perkin Elmer model 310 (wavelength
range 2.5 microns to 18 micron) spectrophotometers. The
surface analysis was performed using x-ray fluorescence
elemental analysis.
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Results and Discussion

A summary of the arc-jet test data taken during this
investigation is given in table 1. The test number,
enthalpy, surface temperature, heat flux, relative catalytic
efficiency, total hemispherical emittance, and post test
remarks are listed for both the air and nitrogen exposures.
These data show that the enthalpy varied from 14.0 MJ/kg
to 21.4 MJ/kg and the flux from 13.1 W/cm2 to
29.7 W/cm2. The catalytic efficiency of the molybdenum
disilicide coated HTP-8 is higher than an RCG coated
insulation, which is basically a borosilicate glass matrix,
during exposures in both air and nitrogen. However,
catalytic efficiency of the coating is heavily dependent on
the test gas. The relative catalytic efficiency of the coating
decreases during its exposure to air, but increases during
exposure to nitrogen. On the other hand, the total
hemispherical emittance remained at roughly 0.9 after
exposure to both arc-jet flow environments. Finally, the
coating cracked during the rapid cooldown after it reached
temperatures above 1487 K in both arc-jet test
environments.

Pre- and post-test photographs and Scanning Electron
microphotographs (SEMs) of the HTP-8 test samples are
shown in figures 7 and 8. The pre-test photograph was
taken with the sample in the cylindrical holder (fig. 7a).
The post-test photograph of the sample was taken outside
the holder (fig. 7b). It shows insulation shrinkage (cavity)
occurred at the side of the cylinder shaped sample just
beneath the coating. This cavity was formed as a result of
the surface cracks, formed after test two, increasing in
size during test three in air (table 1) and allowing hot
boundary gases to penetrate the insulation. The SEM data
indicate that the coating on the pre-test sample was
basically heterogeneous (evident by the surface charging
shown in the photograph). This is could be a result of the
coating being under-fired during the manufacturing
process (fig. 8a). Figure 8b indicates that the coating has
been sintered after the arc-jet exposures, and surface
cracks also occurred at the center of the sample. Figure 8c
shows a fully dense coating with a thickness of roughly
0.050 cm. The coating did not penetrate into the fibrous
insulation. The molybdenum disilicide coating cracked in
a similar fashion after exposure to the nitrogen flow.

Surface chemistry data (ratio of oxygen to silicon) implies
that silicon dioxide was formed on the surface as a result
of the atomic oxygen present in the air flow (fig. 9). Also,
these data show the loss of molybdenum disilicide from
the surface of the coating during the exposures. Exposure
of the sample to the dissociated nitrogen arc-jet flow
resulted in little or no change in surface chemistry.
However, there was a small effect on the optical

properties after exposure to the nitrogen environment
(fig. 10).

These changes are reflected by a slight decrease in the
reflectance over the long wavelength region of the spectra
(fig. 10a). Total hemispherical emittance was calculated
using the reflectance data and assuming that the surface of
the samples was nontransparent (fig. 10b). These values
were compared with those calculated directly from the
arc-jet measurements of surface temperature and heat
flux. After arc-jet exposure in the nitrogen, the total
hemispherical emittance is slightly higher than those
values calculated after its exposure to air. The total
hemispherical emittance values directly calculated from
arc-jet data compared well with values calculated from
the reflectance data. The total hemispherical emittance of
the molybdenum disilicide coated HTP samples is close to
0.9 over the entire temperature.

Atom Recombination Coefficients

Finally, the atom recombination coefficients for the
molybdenum disilicide coated HTP-8 were calculated
using the arc-jet data and the SCFC code (fig. 11).
Arrhenius expressions fitted to the calculated coefficients
for this coated system are given below.

Nitrogen:

(1264 K < Tw < 1589 K)

γΝ = 675e – 11730/Tw (5)

Oxygen:

(1367 K < Tw < 1542 K)

γΟ = 2.5E-10e 29046/Tw (6)

Air:

(1367 K < Tw < 1542 K)

γΑ = 7.0E-4e 8050/Tw (7)

The coefficients for this molybdenum disilicide coating
system are characteristic of similar systems which form
SiO2 on their surface after arc-jet exposure in dissociated
air (ref. 2). Examples are TUFI, which has a lower
concentration of molybdenum disilicide on its surface,
and silicon carbide. However, the LMMS molybdenum
disilicide coating system has a higher catalytic efficiency
for both oxygen and nitrogen atom recombination
coefficients than either of these other two systems.
Comparing the air coefficients over the same temperature
range for TUFI and the LMMS coating shows that the
LMMS system has a factor two higher catalytic efficiency
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than TUFI (TUFI 0.14 < γA < 0.062, and the LMMS
system 0.252 < γA < 0.129).

Conclusions

Surface characterization of the LMMS molybdenum
disilicide coated HTP-8 insulation was performed over
surface temperatures ranging from roughly 1260 K to
1600 K in the NASA Ames Research Center Aerothermo-
dymanic Heating Facility. Results from this study
showed:

(1) Total hemispherical emittance of the MoSi2 coating
remained basically unchanged after exposure to
dissociated arc-jet airflow.

(2) Surface chemistry data indicated the loss of MoSi2

and the possible formation of a thin layer of SiO2

over the surface of the coating during arc-jet
exposure in air. During the nitrogen exposures, no
reaction took place.

(3) Coating cracks occurred after arc-jet exposure
probably due to a large mismatch in the thermal
expansion coefficient between coating and insulation.

(4) Insulation damage below the fully dense coating as a
result of the cracks developed in the coating during
arc-jet exposure.

(5) Catalytic efficiency of the LMMS coating is much
higher, but has similar characteristics to TUFI and
silicon carbide.

(6) In order to make accurate predictions of the heating
over an SSTO using the LMMS molybdenum
disilicide coating system, more extensive data from
the side-arm reactor are needed to fully define its
catalytic efficiency.
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Table 1. Summary of Arc-Jet Tests on LMMS Molybdenum Disilicide Coated HTP

Test HEO

BTU/lbm

Tw

°F

qw

BTU/ft2-s

qw/qRCG Eth Post-test remarks

AIR

1 7600 2000 15.6 1.53 0.9 No cracks

2 7800 2216 21.0 1.38 0.87
Coating showed thermal
stress cracks near edges

3 8600 2316 26.0 1.12 0.9
Major insulation shrinkage
and increased crack sizes

NITROGEN

1 6000 1816 11.5 1.24 0.9 No cracks

2 7500 1968 14.9 1.47 0.9 No cracks

3 9200 2400 26.1 1.53 0.87 Edge cracks


